Objective: Though transsphenoidal surgery remains the first-line treatment of Cushing's disease, recurrence occurs frequently. Conventional radiotherapy and anticortisolic drugs both have adverse effects. Stereotactic radiosurgery needs to be evaluated more precisely. The aim of this study was to determine long-term hormonal effects and tolerance of gamma knife (GK) radiosurgery in Cushing's disease. Design: Forty patients with Cushing's disease treated by GK were prospectively studied over a decade, with a mean follow-up of 54.7 months. Eleven of them were treated with GK as a primary treatment. Methods: Radiosurgery was performed at the Department of Functional Neurosurgery of Marseille, France, using the Leksell Gamma Unit B and C models. Median margin dose was 29.5 Gy. Patients were considered in remission if they had normalized 24-h free urinary cortisol and suppression of plasma cortisol after low-dose dexamethasone suppression test. Results: Seventeen patients (42.5%) were in remission after a mean of 22 months (range 12-48 months). The two groups did not differ in terms of initial hormonal levels. Target volume was significantly higher in uncured than in remission group (909.8 vs 443 mm 3 , PZ0.038). We found a significant difference between patients who were on or off anticortisolic drugs at the time of GK (20 vs 48% patients in remission respectively, PZ0.02). Conclusion: With 42% of patients in remission after a median follow-up of 54 months, GK stereotactic radiosurgery, especially as an adjunctive treatment to surgery, may represent an alternative to other therapeutic options in view of their adverse effects.
Introduction
Adrenocorticotrophic hormone (ACTH)-dependent Cushing's syndrome may be caused by a pituitary corticotrope adenoma (Cushing's disease (CD), 80-85% of cases), by an extrapituitary tumor (ectopic ACTH syndrome), or very rarely by a corticotrophin-releasing hormone (CRH)-secreting tumor (ectopic CRH syndrome). When diagnosed, because of signs and symptoms of chronic endogenous glucocorticoid excess, most corticotrope adenomas are microadenomas (!10 mm in largest diameter). Complications of CD include hypertension, hypertrophic cardiomyopathy, diabetes, obesity, hyperlipidemia, osteoporosis, and cognitive alterations probably due to a diminished cerebral volume (1) .
Transsphenoidal surgery is usually the first-line treatment of CD. In series reported by experienced surgeons, immediate success rate varies from 64 to 93% (2, 3) . Recurrence, frequent 5-10 years after surgery, occurs in 9-25% of cases (3) . Various treatments for recurrence have been proposed, but each has specific risks: Nelson's syndrome after bilateral adrenalectomy (4) and hepatic cytolysis during medical treatment such as ketoconazole (5) . Conventional radiotherapy leads to more than 80% of cure in most of the series published, but it tends to be less employed because of a number of adverse effects, including hypopituitarism, cranial nerve neuritis, visual-field defects, possible cognitive disturbances or increased cerebro-vascular disorders, radiation-induced gliomas, and delayed brain necrosis (6) (7) (8) (9) (10) .
Radiosurgery is a neurosurgical technique using a source of 60 Cobalt, where narrow beams are delivered in a single session with stereotactic precision and accuracy in order to destroy or biologically modify a target without opening the skull and with minimal damage to the surrounding brain. The critical structures around the target are spared through the high conformity and anatomical selectivity of dose delivery. In contrast with radiotherapy, which covers the lesion and the surrounding structures with a fractionated dose, stereotactic radiosurgery aims to minimize injury to the surrounding structures included in the field of irradiation by fractionation, creating a gradient of toxicity on the target cells and the normal tissue (biological selectivity). Moreover, the radiobiological effect of a single high dose is much higher than a fractionated treatment for slowly growing benign lesions like adenomas (11) .
As reviewed elsewhere (12, 13) , several authors have detailed their experience with gamma knife (GK) in CD. Endocrinological 'cure' rates varied from 17 to 83%, with highly heterogeneous criteria of remission, and most studies were based on short-term effects of GK (14) (15) (16) (17) (18) (19) (20) .
The aim of the present study was to analyze our 10-year experience with GK in a single radiosurgical center either as first non-medical treatment or as an adjunctive treatment after transsphenoidal surgery for CD. We thus evaluated the clinical and hormonal outcome in 40 patients, with a mean follow-up of 54.7 months (median, 48 months; range, 12-120 months).
Patients and methods

Patients
A total of 43 patients with active CD were consecutively treated with GK between February 1993 and May 2003 at the Department of Functional Neurosurgery of the University Hospital La Timone (Marseille, France). The diagnosis of CD was based on the association of clinical features of the disease, elevated 24-h urinary free cortisol level (mean of three samplings), elevated morning serum cortisol, and ACTH levels with a lack of response to a standard low-dose dexamethasone suppression test (2 mg/day for 2 days), and appropriate response to high-dose dexamethasone test (8 mg/day for 2 days) (1). In the absence of an unequivocal image of pituitary adenoma at magnetic resonance imaging (MRI) (see below), inferior petrosal sinus sampling was performed.
These patients had been referred from 15 centers in France and 1 in Luxemburg. Each center agreed to monitor the patients' outcome according to the standardized investigation described below. Immediate pre-and post-radiosurgical evaluations were performed in the same department of endocrinology in Marseille.
In the present study, we did not analyze data from three patients who were lost to follow-up. For data analysis, 40 patients were thus entered into this retrospective study. Twenty-nine of them were treated after unsuccessful transsphenoidal surgery. Two had also previously received conventional radiotherapy. Eleven patients received medical treatments before GK because of non-resectable adenomas (such as small intrasellar adenomas with laterosellar extension), contraindication (due to the patient's general condition), or refusal of surgery. Only one patient had two consecutive GK (patient 29; Table 2 ).
Clinical and hormonal evaluation
Each patient had a complete clinical and hormonal evaluation before GK in the Endocrinology Department of the Timone Hospital (Marseille, France) and ophthalmologic evaluation (visual acuity, visual field measurement, and Lancaster testing) in the same Hospital. Initial pre-GK levels of 0800 and 2000 h ACTH and cortisol, urinary free cortisol, insulin-like growth factor-I, prolactin, luteinizing hormone, follicle-stimulating hormone, testosterone or estradiol, thyroid-stimulating hormone (TSH), and free T3 and T4 were determined. The same hormonal evaluation was repeated in each center every 6 months during 2 years, and then yearly to monitor pituitary functions. A low-dose dexamethasone test was concomitantly performed to determine the efficiency of radiosurgery.
During follow-up, ACTH and cortisol levels were determined without any medical therapy or after at least 3 months of discontinuation of the treatment with anticortisolic drugs. All patients treated with anticortisolic drug were given ketoconazole. None of them received Op'DDD. All pre-GK evaluations were performed without any anticortisolic drug treatment. Patients were considered in remission if they had normalized 24-h urinary free cortisol with suppressible plasma cortisol level after low-dose dexamethasone suppression test. Those who were still on anticortisolic drugs were considered uncured. Patients who had bilateral adrenalectomy during follow-up (nZ5) were considered uncured.
Gonadotrope deficiency was defined clinically and biologically: low plasma testosterone with non-elevated gonadotropin levels in men, amenorrhea with low plasma estradiol and low or normal gonadotropins in non-menopausal women, and a lack of increased gonadotropins in post-menopausal women. Normal values of testosterone, estradiol, and gonadotropins were defined in each investigation center varying with the kits used. Somatotrope deficiency was defined by subnormal response of GH to an insulin tolerance test (peak below 3.3 mg/l). The diagnosis of thyrotrope deficiency was based on low free T4 level with normal or diminished TSH. Hypopituitarism was evaluated every 6 months during 2 years, and then yearly, and was assessed in each center by the investigators. Preand immediate post-GK evaluations were indeed determined in the center of Marseille, France. All other determinations were performed in each of the 15 other centers using commercial kits and normal values for each laboratory were taken into account.
Neuroimaging and radiosurgical procedure
Application of the stereotactic frame was performed under local anesthesia on the morning of the procedure. Radiological stereotactic preoperative investigations systematically included an MRI and a CT scan in order to verify the absence of distortion of the MR. The MR sequences were performed on a Siemens 1.5 T machine. The 3DT1 sequence (MPRage, 1.5 mm thickness) was associated to a T2 weighted coronal sequence (TurboSpin Echo, 2 mm thickness, 512! 512) to optimize the visualization of the limits of the lesion and the surrounding critical structures in the cavernous sinus and to delineate the optic pathways.
For the radiosurgical procedure, the GK models B and C (robotized version) were used for the periods 1992-2000 and 2000-2003 respectively.
For the indication, the decision-making process included the endocrinologists, the neurosurgeon specialized in sellar region microsurgery, and the neurosurgeon specialized in radiosurgery. When possible, the exact contours of the target were precisely delineated at this stage. All radiosurgical planning procedures were conducted by the same neurosurgeon (J R). The dose planning was always multi-isocentric. The reference isodose at the margin was usually the 50% isodose. The prescribed margin dose varied according to several factors: tumor volume, distance to the visual pathways, age, and previous treatment with radiotherapy. In each case, marginal dose, dose and distance to the optic pathways, and dose to the brainstem and pituitary stalk were monitored and recorded.
Statistical analysis
Statistical Package for the Social Sciences (software version 13.0 for Windows XP, Chicago, IL, USA) was used for statistical analysis. Data were analyzed by parametric or non-parametric tests. Continuous data with normal distribution were analyzed by t-test, and those with uneven distribution by Mann-Whitney test. Categorical data were analyzed by Fischer's exact test. When necessary, one-way ANOVA test was performed. Longitudinal evaluations were performed by KaplanMeier method. All statistical tests were two-tailed, and P!0.05 was considered significant.
Results
The patients were followed up for a mean period of 54.7 months (median, 48 months; range, 12-120 months).
Parameters of GK treatment
The margin dose ranged from 15 to 40 Gy (median 29.5 Gy). The dose delivered to the optic chiasm and nerves was !8 Gy (median 3.6 Gy) with a distance to the chiasm from 2 to 6.8 mm (median 4 mm). The volume of the residue, or the adenoma in case of first non-medical treatment (target volume), ranged from 94 to 4300 mm
Efficacy of GK treatment
At the end of the study, 17 patients (42.5%) had normalized 24-h free urinary cortisol with suppression of plasma cortisol level after low-dose dexamethasone suppression test, after a mean time of 22 months (range 12-48 moths) (Fig. 1) . Individual data are presented in Tables 1 and 2 . The patient who had two consecutive GK treatments was not in the remission group 48 months after the second treatment. The two patients previously treated by conventional radiotherapy were considered uncured as bilateral adrenalectomy was necessary 2 years after GK.
No significant difference was observed in sex ratio, median age, type of the adenoma before the first treatment (microadenoma or macroadenoma), localization of the adenoma (latero-or intrasellar), marginal dose, and length of the follow-up. Among the patients with uncertain target definition (nZ5), two were in the remission group.
Initial target volume before GK was significantly lower (443 vs 909.8 mm 3 , PZ0.038) in the remission than in the uncured group (Fig. 2) . We found no significant difference between initial hormonal levels (298 vs 323 mg/24 h) between the two groups (Table 3 ). In contrast, we found a significant difference between patients who were on or off anticortisolic drugs at the time of GK (PZ0.02). At the time of GK, 15 patients (37.5%) were treated with anticortisolic drugs; only 3 of them (20%) were in remission after GK, whereas 12 patients (48%) in the group of 25 patients without medical therapy at the time of GK were considered in remission at the end of the study (Table 4) .
Eleven patients had GK as a primary non-medical treatment. In Table 5 are presented the data on patients Time (months) Probability of not being cured Figure 1 Long-term effects of GK in Cushing's disease evaluated by Kaplan-Meier analysis: probability of being uncured as a function of time. Remission was based on the following criteria: normalized 24-h free urinary cortisol level and suppressible plasmatic cortisol level after low-dose dexamethasone suppression test. Remission was based on the following criteria: normalized 24-h free urinary cortisol level and suppressible plasmatic cortisol level after low-dose dexamethasone suppression test. Patient characteristics include sex (F, female; M, male), age, initial type of the adenoma (M, macroadenoma larger than 10 mm; m, microadenoma smaller than 10 mm), localization of the adenoma (LS, laterosellar; IS, intrasellar; BD, bad definition; one patient had an intra-and laterosellar localization), primary non-medical treatment (P) or adjunctive treatment (A), initial 24-h free urinary cortisol off anticortisolic drug, anticortisolic status: patients who were on anticortisolic drug at the time of GK were considered on treatment (On); untreated patients were considered off treatment (Off); dose to the margin (Gy), target volume (mm 3 ), length of follow-up (months), and complication deficiency (type of new hormonal deficiency appearing after GK; panhypopit., panhypopituitarism).
treated with GK as a primary or as an adjunctive treatment (nZ29). GK as a primary treatment was more often used in microadenomas (73 vs 41%) than in macroadenomas (only three small enclosed macroadenomas were treated). Target volume was not significantly lower in the 'primary treatment' group (329 vs 836 mm 3 ); marginal dose was significantly higher in the same group (32 vs 27.4 Gy, PZ0.03). Rate of remission was not significantly different between both the groups at the end of the study (27 vs 48.3%).
Tolerance of GK treatment
At least one new pituitary deficiency was observed after GK in six patients (15%): TSH deficiency in two (during the first year after GK), GH deficiency in two (4 and 7 years after GK), and complete hypopituitarism in three (7 years after GK for two patients and 8 years after GK). Note that four out of these six patients were treated with the first generation dose planning system (Kula system, Elekta Instrument AB, Stockholm, Sweden). The six patients were treated with GK as an adjunctive treatment (PZ0.012 compared with primary treatment group). The mean margin dose for these six patients was 29.1 vs 28.5 Gy for patients without adverse effects (not statistically significant). For two out of the three patients who had complete hypopituitarism, target definition was uncertain and totosellar radiosurgery was performed due to the severity of the disease. Two ophthalmic complications were observed: patient 16 presented a transient ptosis of the right eyelid, probably explained by radiation-induced oculo-motor neuropathy although MRI showed no changes of the intracavernous remnant of the adenoma. Patient 29 presented partial ophthalmoplegia 1 year after her first session of GK: ophthalmoplegia became definitive after the second session of GK. Ophthalmoplegia was attributed to radiation-induced neuropathy of the external oculo-motor nerve despite unchanged MRI. Only a few patients had other transient adverse effects, including headaches or vomiting.
Discussion
Even if transsphenoidal surgery remains the first-line treatment of CD, definitive surgical cure for locally invasive adenomas is infrequent due to early failure or late recurrence of the disease. The morbidity associated with CD may be severe with multiple organ systems affected; the mortality rate associated with this syndrome, if untreated, has been reported to be as high as 50% within 5 years, requiring effective adjunctive treatment be performed (1) .
With GK, more than 40% of our patients were in remission based on 24-h free urinary cortisol and suppressible plasma cortisol levels at low-dose dexamethasone suppression test after a mean time of 22 months. We chose these criteria of remission based on the latest consensus conference on the diagnosis of CD (21), even though recent studies showed the equal value of salivary cortisol level in the diagnosis of CD (22, 23) . Only two patients considered uncured had a followup lower than the mean time to remission: a longer follow-up would thus be useful to better evaluate the effectiveness of GK especially for these patients. In a recent review of currently published series, 58% of 208 patients with CD treated by GK were considered in remission with a mean follow-up of 54.6 months (12). These results differ from ours. However, as mentioned in another recent review (13) , criteria for remission were very different, including normalization of 24-h free urinary cortisol (UFC), or of 0800 ACTH and cortisol levels, or simply of 'hormonal levels'. Moreover, patients were sometimes treated three or four times with GK before being considered cured (18) . The status of the five patients treated with bilateral adrenalectomy in our series is difficult to evaluate: we considered them as uncured, because most of them were operated on at least 24 months after unsuccessful GK, which is more than our mean time to remission. Nevertheless, one patient had a bilateral adrenalectomy only 12 months after GK because of persistently aggressive signs of CD. None of these five patients presented with increased volume of the tumor remnant, which might have been suggestive of Nelson's syndrome.
Our mean time to remission was 22 months, which is consistent with the previous reports: 6-36 months after GK (12) . In most published series of CD patients treated with conventional radiotherapy (6, 8, 9) , remission usually started after 9 months of treatment, and most patients were in remission within 5 years, suggesting that GK may allow faster remission than conventional radiotherapy in CD.
In line with other series (17, 18) , initial UFC levels were not correlated with the outcome of GK. Interestingly, however, tumor volume was significantly higher in the uncured group than in the remission group. Indeed, as shown in Fig. 2 , smaller tumor remnants were more likely to be efficiently treated than larger targets except when totosellar irradiation was purposely performed in lesions uncertainly defined at MRI.
In acromegaly, incidence of antisecretory drugs at the time of GK has been a matter of controversy. Some studies suggested that the pre-GK somatostatin agonist (24) treatment had a radioprotective effect (24) and some did not (25, 26) . We found a significantly higher proportion of uncured patients in the group with anticortisolic drug at the time of GK than in the group without medical therapy. This observation was indeed not explained by a difference in initial tumor volume, type of adenoma (micro-or macroadenoma), margin dose, baseline UFC, or duration of follow-up. It remains speculative whether this might be explained by the fact that clinically more aggressive tumors requiring medical treatment were less likely to respond to GK.
Note that no study before ours evaluated the incidence of anticortisolic drugs in patients treated with GK, making difficult any comparison with literature. Moreover, ketoconazole has mainly peripheral effects and to our knowledge, only one in vitro study described central effects of ketoconazole on ACTH secretion (27) .
To our knowledge, only few studies have included patients treated as a primary and as an adjunctive treatment. We observed only 27% of patients cured in the 'primary treatment' group versus 48% in the 'adjunctive treatment' group, suggesting that GK may be more effective as an adjunctive treatment. Such a difference that did not reach statistical significance may be explained by selection of better visualized lesions in the surgical group although this was not reflected in the comparison of tumor volumes and target definitions at MRI between both the groups.
During long-term follow-up, our patients showed no increase in tumor volume, as observed in other series (14, 15, 17) . We did not systematically monitor tumor size as the treatment was not primarily aimed at reducing target volume, which was most of the time a small remnant or a small enclosed macroadenoma. According to a recent review, tumor growth control was obtained in 86-100% in all but one series (13) . GK induced few complications in our patients: only three presented complete hypopituitarism, but two of them had uncertain target definition and needed totosellar radiotherapy. GK more precisely localizes tumors and neural structures, but it requires accurate definition of the target volume to avoid complications. Six patients (15%) presented at least one new pituitary hormone deficiency after GK radiosurgery. All of them were treated with GK radiosurgery as an adjunctive treatment. A significant difference was observed between both the groups in terms of adverse effects (PZ0.012). As patients treated with radiosurgery as an adjunctive treatment were more often cured than those treated as a primary treatment, a correlation indeed seems to exist between hypopituitarism rate and remission rate. As a group, operated patients had a significantly larger target volume than patients treated first-line by GK. A larger target volume has the inconvenient of being more likely to include both more of the normal pituitary tissue leading to partial hypopituitarism and more of the adenomatous tissue that often lies at the periphery of the lesion visualized on MRI. The rate of hypopituitarism observed in our study (15%) is consistent with the previously published data: an incidence of hypopituitarism ranging from 4 to 55% was observed in different series (16, 17, 19, 20) . This percentage decreases to 10% if we exclude two patients treated with totosellar radiotherapy on the basis of a balance between the complications of an invasive CD, and the high probability of panhypopituitarism. Additionally, one of the patients with a deficit had received fractionated radiotherapy before GK. In the study of Hoybye et al. (18) , 66% of the patients presented hypopituitarism, but these patients were sometimes treated twice or more in the pre-CT and MRI era of radiosurgery, probably leading to imprecise target definition. Indeed, the use of GK should be limited to patients in whom a clear target definition is possible. In contrast, in case of imprecise target definition, decision of treating by GK radiosurgery or conventional radiotherapy should be precisely evaluated. The only patient of our series treated twice was not cured and presented a partial hypopituitarism 1 year after GK. Two of our patients treated with the first generation dose planning system presented oculo-motor complications; none had a visual deficit in spite of the high level of energy used (median 29.5 Gy) and the close relationship to the optic pathways. In all of our patients, as previously recommended (28) , the dose to the chiasm was always inferior to 8 Gy. We think that the two ophthalmic complications described in our study were due to radiation-induced neuropathies in the intracavernous portion of the nerves, which was part of the tumor target. A recent review (13) reports an incidence of cranial neuropathy of 1.3% in 1567 patients.
Neuropathies concerned intracavernous portions of the nerves. Half of these neuropathies were transient.
In the series from our center (25) and from other authors, GK appeared more effective in CD than in acromegaly. In our patients, as in another recently published series of acromegalic patients treated with GK, remission rate was about 20% with a follow-up of about 48 months (25, 26) . In the present study in CD, the mean time to remission was 22 vs 36 months in our patients with acromegaly (25) . Nevertheless, it does not appear that somatotrope cells are less radiosensitive than corticotropes since higher margin doses were used to treat patients with Cushing's disease in our study. Note that for both conventional radiotherapy and radiosurgery, previous studies found a faster rate of remission in CD than in acromegaly (3-24 vs 6-36 months respectively) (12) .
With an overall remission rate of more than 40%, and a remission rate of 48% in previously operated patients, stereotactic radiosurgery can be considered an effective treatment in CD, especially for recurrent CD. Comparison with other treatments is difficult because various criteria of remission were used or insufficient data were available in the previous studies: anticortisolic drugs, like ketoconazole or mitotane (29, 30) , have a wide range of efficacy, but they expose patients to dangerous hepatic cytolysis (5) . The efficacy of glitazones is still discussed, due to several conflicting studies: pioglitazone yielded disappointing results, while rosiglitazone normalized UFC in 6 out of 14 patients with CD (31). Studies on long-term effects with strict criteria of remission would be helpful to determine the real efficiency of these drugs. Conventional radiotherapy seems to be more successful than stereotactic radiosurgery, but its major drawback is to induce hypopituitarism in virtually all patients (6-10).
To conclude, as an adjunctive treatment, GK allowed remission after an average of 22 months in about 50% of our patients, with the advantage of inducing fewer adverse effects. GK thus represents a valuable option for the treatment of patients with CD after unsuccessful transsphenoidal surgery, in well-defined indications: small post-surgical remnants with a good target definition, sufficiently distant from the optic chiasm.
